Introduction
Structure-based ligand or inhibitor design has become an important tool in drug discovery and pharmaceutical research (Amzel, 1998) . Its aim is the identification of chemical compounds that bind strongly to key regions of biologically relevant molecules (e.g. enzymes, receptors) for which threedimensional structures are known. Consequently, these compounds should be able to inhibit or stimulate the biological activity of these molecules. Structure-based ligand design has been used successfully to discover several drugs currently in clinical trials (Greer et al., 1994; Hilpert et al., 1994; von Itzstein et al., 1996; Bohacek and McMartin, 1997; Varghese et al., 1998) . The application of structure-based drug design was further facilitated by the recent advances in nuclear magnetic resonance (NMR) and homology modeling methodologies for the determination of macromolecular structures (Clore and Gronenborn, 1991; Sali and Blundell, 1993) . Despite our limited understanding of non-bonded interactions and solvation effects, the rapid development of molecular simulation methods and the ever-increasing power of computer technology require and facilitate new computational approaches to the structure-based ligand design problem.
A computational combinatorial ligand design approach, originally proposed in a paper of Caflisch et al. (1993) , provides a promising and automatic way towards the rational design of ligands for target proteins. It consists of three steps: first, identify the positions of chemically functional groups on the key region of a target protein; second, link functional fragments with N-methylacetamide (NMA) fragments; and third, design potential ligands with the aid of a more sophisticated interaction energy function, including solvation free energy and entropy terms. In the first step, the computational combinatorial library (CCL) is built by an exhaustive multiple copy simultaneous search (MCSS) approach. The MCSS approach is based on the classical time-dependent Hartree approximation (Dirac, 1930) , in which each functional group feels the average field of the fixed target protein and the interactions between the group replicas are omitted. The optimal positions of functional groups are ranked according to their binding free energy to the target protein. The binding free energy is estimated using both numerical and analytical approaches to solve the Poisson-Boltzmann equation (Caflisch and Karplus, 1995) . Only fragments with a high binding affinity are selected to construct potential inhibitor peptides. In the second step, the fragments of NMA groups in the combinatorial library are used to construct the main chain which is subsequently linked to the other functional groups. This approach has been implemented in the program CCLD . Alternatively, another program, HOOK, which was developed by the same group, searches available chemical databases to find a molecular skeleton that fits the important functional fragments (Eisen et al., 1994) . In the final step, the potential ligands are selected according to their binding affinities to the target protein. The binding free energy of the ligand has also been approximated by the protein-ligand interaction energy in one study (Joseph-McCarthy et al., 1997) .
In addition to the CCLD approach, several other methods and computer programs have been developed for rational drug design. The recent methods and software used for rational drug design have been reviewed (Ripka and Blaney, 1991; Caflisch and Karplus, 1996) . A commonly used program to search for interaction sites of functional groups is GRID (Goodford, 1985; Wade and Goodford, 1993) , which uses a 3D grid to search for binding sites. Favorable positions are determined by an empirical energy function. Another program, LUDI (Bohm, 1992) , uses statistical data from small-molecule crystal structures to determine binding sites of molecular fragments, which are later connected by linker groups. However, since the positions of functional fragments on the binding sites are based purely on geometric rules, the optimal positions of polar/charged functional group can be missed. The program DOCK (Kuntz et al., 1982; DeJarlais et al., 1986) uses databases of small molecules and geometric criteria to select ligands to complement the shape of the protein binding site. The recent refinement of DOCK includes a systematic search algorithm to take the ligand flexibility and chemical properties into account (Leach and Kuntz, 1992) . Other programs, such as CAVEAT (Lauri and Bartlett, 1994) and LEGO (Gubernator et al., 1995) , have similar features to the method developed by Caflisch et al. (1993) . The more recent program CONCERTS, developed by Pearlman and Murcko (1996) , combines functional fragment searching and linking into one multiple copy simultaneous simulation, followed by a step which selects the best potential ligand.
We applied the CCLD approach to design potential inhibitor peptides for the Ras protein. Many critical elements identified in signal transduction pathways that regulate cell growth and differentiation are proteins that communicate with each other via specific recognition sequences. One of these proteins is Ras (Barbacid, 1987) , which functions as a molecular switch in the 'Ras-dependent' signal transduction pathway (Barbacid, 1987; Maruta and Burgess, 1994) . Ras cycles between an active, guananine triphosphate (GTP)-bound form and an inactive form where guananine diphosphate (GDP) is bound. Only the GTP-bound form of Ras binds to the downstream targets, one of which is the threonine/serine kinase Raf (Barbacid, 1987 ). An oncogenic form of Ras exists only in the active form, resulting in a constitutive activation of Ras-mediated signaling events through the Raf/MEK/MAPPK pathway and promoting the aberrant growth in more than 30% of all human tumors (Barbacid, 1987) . Antagonists of the RasRaf interactions are likely to inhibit the Ras-stimulated signal transduction pathway and are of significant importance to anticancer therapy (Maruta and Burgess, 1994) .
Ras-Raf interactions have been investigated in great detail by site-directed mutagensis [see Campbell et al. (1998) and references therein]. The minimal region of Raf that binds to Ras proteins is a 78 amino acid N-terminal region, the socalled 'Ras binding domain' (RBD) (Chuang et al., 1994; . The detailed interactions between RBD and Ras can only be revealed from the complex structure of these two proteins. While the separate structures of the RBD of human Raf-1 and Ras have been determined experimentally (Pai et al., 1990; Emerson et al., 1994 Emerson et al., , 1995 , the exact structure of the Ras-RBD complex is not known. However, the structure of the complex between RBD and Rap has been determined by X-ray crystallography (Nassar et al., 1995) . Rap is highly homologous to Ras [sequence identity is 52% and its effector loop (residues 33-40) which interacts directly with the RBD in the complex is identical with Ras (Nassar et al., 1995 (Nassar et al., , 1996 ]. The structure of the RBD in the complex crystal is similar to its solution structure; it adopts a ubiquitinlike fold (Emerson et al., 1995) . Some of the Ras-RBD interactions seen in the crystal can also be inferred from NMR spectroscopy of the Ras-RBD complex in solution (Emerson et al., 1995) . Recently, we performed an extensive (over 2 ns) molecular dynamics simulation to model and analyze the solution structure and dynamics of the complex between Ras and RBD (Zeng et al., 1999b) . Using the X-ray structure of the Rap-RBD complex, our simulations with~2300 explicit water molecules indicated that the direct interactions between Ras and RBD involve an RBD helix (residues 78-89), an RBD β strand (residues 60-68) and the Ras effector loop. The simulation also complemented and clarified the available experimental information and demonstrated, e.g., the importance of long-range electrostatic interactions for the details of the Ras-Raf complex, the occurrence of an Arg73-Raf/Asp33-Ras salt bridge and the effects of the solvent on the GTP hydrolysis reaction.
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While RBD has been shown experimentally to have a higher binding affinity to Ras than the full-length Raf (H. Maruta, personal communication) , it cannot be employed as a candidate for an anti-cancer drug owing to its impossibility of penetrating into the cell. Based on structural information obtained from X-ray crystallography (Nassar et al., 1995) , NMR spectroscopy (Emerson et al., 1994 (Emerson et al., , 1995 and our molecular dynamics simulation (Zeng et al., 1999a,b) , it seems possible to design an inhibitor of Ras based only on the RBD helix (residues 84-89) and the RBD β strand (residues 62-68) which interact with Ras directly. Mutagensis experiments have shown that the second turn of the RBD helix (residues 84-89) is the critical binding region to Ras, in particular Arg89. The most conservative mutant Arg89→Lys89 abolishes the Ras-Raf binding (Zeng et al., 1999a) . Free energy calculation predicted a complicated mechanism of the Arg89→Lys89 mutation effect: the decrease in binding affinity arises from an indirect long-range solvation contribution that stabilizes Lys89-RBD in the unbound form and a direct effect of losing two hydrogen bonds to the carbonyl oxygen of Ras-Ser39 in the normal Ras-Raf complex (Zeng et al., 1999a) . The second turn of the RBD helix could therefore be partially used as a minimal frame for a potential inhibitor. This helix (Raf residues 84-89) is referred to as Ras-binding helix (RBH) in the following. However, as RBH does not cover the entire biologically active surface area of Ras, which includes the effector loop (residues 30-40) and switch II region (residues 56-76), it is necessary to extend RBH. In this work, we searched for suitable peptide sequences that could extend RBH to a peptide with a high affinity to Ras. This peptide is referred to as Ras-binding peptide (RBP). It contains both RBH and a peptide extension. The theoretical advantage of this design principle is that the presence of RBH on the Ras surface significantly reduces the flexibility of side chains on the surface of Ras, so that the target protein (Ras) can be fixed or restrained during the calculations.
Several potential RBP peptides were created from the computational combinatorial library of functional groups. The alignment of the resulting sequences shows a distinct sequence pattern of the peptides that bind to Ras. The optimal inhibitor peptide was constructed based on the amino acid preference at each position in the peptide, rather than selected based on a structure-scoring function as proposed by Caflisch and Karplus (1996) . This means that the most likely amino acid at each position of the extended component in the inhibitor peptide is the one with the highest probability of appearing in the aligned RBP sequences. Because of the approximate nature of scoring functions for structural interactions between fulllength peptides and the surface of Ras, as well as possible conformational transitions of Ras due to peptide binding, we deliberately disregarded any structural details of RBP and Ras interaction at this stage.
The aim of this paper is to demonstrate the feasibility of our computational approach to determine peptides that can interact with a surface region on Ras. Previous applications of the CCLD and MCSS methods described above only targeted well defined binding pockets in proteins with comparatively few possible interaction sites (Caflisch et al., 1993; Eisen et al., 1994; Caflisch and Karplus, 1995; Joseph-McCarthy et al., 1997) . Although our results will be verified by experimental data from the literature, it would be beyond the scope of this paper to describe the complete development of a Ras inhibitor peptide. A full inhibitor development would include the determination of binding affinities for our peptides (either computationally or experimentally) and consideration of solubility and transferability into the cell.
The methodologies associated with CCLD, such as the binding site search, construction and minimization of the peptides and estimate of Ras-peptide binding affinity, are described in the next section.
Materials and methods

MCSS method
The MCSS method was used to determine energetically favorable positions and orientations of functional groups on the surface of the Ras-RBH complex. The structure of the Ras-RBH was taken from our previous 2 ns molecular dynamics simulation of the Ras-RBD complex (Zeng, 1999b) . Between 400 and 1000 replicas of a given functional group are randomly distributed inside a sphere with 20 Å radius around Cβ of Ras-Asp38, which is located at the center of the Ras-RBD binding interface. The positions of all the replicas were then energy-minimized simultaneously, while the Ras-RBH complex was held fixed during the minimization. Depending on the type of group, 500-1000 steps of conjugate gradient minimization were used. The interaction energy for each replica in the MCSS calculation was defined as
where U protein-replica and U replica represent the non-bonded interaction (i.e. van der Waals and electrostatic interactions) between the Ras-RBH and the replica and the internal energy (bonded and non-bonded) of the single replica on the binding surface, respectively. For the charged groups, a replica includes a functional group and several water molecules (see below). The binding energy for the functional group in each minimized replica obtained from the MCSS calculations was defined as
where U protein-group and U group represent the non-bonded interactions between the Ras-RBH and the functional group and the internal energy of the single functional group, respectively. U group 0 indicates the total energy of an isolated functional group in vacuum. The non-bonded interactions were truncated at 20.0 Å. Each replica interacts only with the target protein (i.e. Ras), and not with the other replicas. To mimic the solvent screening effect on the protein surface, the dielectric constant was set to 10 (Simonson and Brunger, 1994) . All the MCSS calculations were performed using the XPLOR program (Brunger, 1992) .
The number of replicas that were required to cover the active binding site sufficiently was assessed by a clustering protocol. Between 400 and 1000 functional replicas were distributed on the binding surface and only the replicas within a distance of Ͻ4.0 Å to the atoms of Ras protein were assembled into a combinatorial library for further analysis. These selected replicas were then grouped into clusters based on the average distance between heavy atoms. First, the distances between all pairs of replicas are computed and for each replica, the number of other replicas within 0.5 Å is determined. The structure with the largest number of neighbors is selected as the representative structure of the first cluster. All neighbors of this first representative are assigned to the first cluster. The structure with the largest number of neighbors 459 which is not part of the first cluster is chosen as the representative of the second cluster and its neighbors are assigned to the second cluster. The procedure is continued until all the structures have been assigned to a cluster (Caflisch et al., 1993) . More functional replicas were added into the library until the number of the clusters converged. Only the representative of each cluster was assembled into the combinatorial library.
Functional groups
The functional groups chosen for the MCSS protocol were N-methylacetamide (NMA), benzene, phenol, methanol, acetate, methylammonium, methylguanidinium, propane and water. The parameters for these functional groups were taken from the CHARMM22 all-hydrogen atom force field (MacKerell et al., 1998) .
Treatments of charged functional groups
The protocol used to search for optimal positions and orientations of charged functional groups, i.e. acetate, methylammonium and methylguanidinium, was modified to take into account the specific solvent effects which can mediate the salt bridges on the protein-protein surfaces (Sindelar et al., 1998) . For example, an important water molecule mediates the salt bridge between Asp38 of Ras and Arg89 of RBH in the Ras-Raf complex (Nassar et al., 1995) . In the MCSS calculations of charged functional groups, two to four water molecules were attached to the hydrogen/oxygen atoms of the groups, so that each replica consists of functional group and water molecules. After a few hundred functional groups had been generated randomly on the Ras surface, 20 ps multiple copy molecular dynamics simulations were performed at a temperature of 400 K. In each simulation, the interaction energy was defined according to Equations 1 and 2. The coordinates of all the replicas were saved every 2 ps, followed by a 400-step MCSS minimization. Thus, during the 20 ps simulation, 10 sets of coordinates of replicas are saved and used for subsequent clustering and analysis. During the simulation and minimization, the water molecules were 'flat-bottom' restrained into the vicinity of 5.0 Å around the charged group of each replica. Subsequently, all the charged functional groups within 4.0 Å from Ras were selected and clustered into the combinatorial library, as described under MCSS method.
Construction of peptides
The construction of peptides was performed in three steps: (1) main chain generation, (2) clustering of backbone structures and (3) side chain attachment. The peptide main chain was defined by the NMA replicas. Although the link algorithm was based on the published method (Caflisch et al., 1993) , it needed to be modified for the construction of the peptides on the surface of proteins. After the MCSS step described above, all NMA groups within 4.0 Å distance from Ras were further classified according to their interaction energy. One hundred MCSS minima with interaction energy U bind Ͻ -1.00 kcal/mol were selected and assembled on the Ras. The NMA replicas at these selected minima were subsequently used as a library for the construction of the peptide backbones. Starting with a replica that has the nearest carbon atom from the C-terminus of the RBH, the overlapping replicas were identified and assembled. Two replicas are considered to overlap if one replica has a methyl-carbon atom within 1.0 Å away from the methyl-carbon atom in the other replica. Subsequently, a random algorithm was introduced to connect the carbon atoms in the library to form a Cα trace. This procedure involves the assembly of replicas into distinct sets, called 'blocks' and the random selection of replicas from each replica block. In detail, the first block contains only the starting replica. The second block was constructed to contain the replicas which have at least one methyl-carbon atom overlapping with the replica in the first block. A third block is constructed overlapping the second block, and so on. From each block, one replica was randomly chosen and its carbon atom used to form the Cα trace of a peptide. The schematics of this approach are shown in Figure 1 . In this work, we built nine blocks from the NMA replicas in the combinatorial library obtained from the MCSS calculation. This allowed us to construct polyglycine peptides with a maximum length of nine amino acids.
With the Cα atoms fixed, backbone carbonyl and amide groups were inserted or attached, followed by 800 steps of conjugate gradient minimization. The poly-NMA was then mutated into a polyglycine peptide with all hydrogen atoms built using the HBUILD routine in XPLOR. This was followed by a short minimization to optimize the position of the polyglycine peptide on Ras surface. During the minimization, the Cα atoms of the polyglycine peptide were harmonically restrained to the position of the Cα trace of the poly-NMA in order to avoid disruption of the already optimized Cα positions of the peptide docked on the Ras protein.
After 10 polyglycine peptides had been constructed, the clustering procedure described under MCSS method was performed to determine the number of unique peptides and peptide conformations which needed to be studied in detail. Figure 2b shows the 10 polyglycine peptides built by the random algorithm mentioned above. We can see that they all cover a similar binding region on Ras surface. The 10 peptides show a positional r.m.s. deviation of Ͻ4.1 Å. The polyglycine peptide with the lowest interaction energy to the Ras was chosen as a representative frame for constructing the inhibitor peptides.
Side chains were constructed by linking the functional groups in the combinatorial library to the Cα atom of the representative polyglycine peptide frame. This procedure again involves three steps. In the first step,~150 replicas of each functional group with the lowest U bind were selected from the (b) were prepared using the VMD program (Humphrey et al., 1996) and the RasMol program (Sayle and Milner-White, 1995) , respectively. library built in the section MCSS method. Each replica attaches to a specific Cα atom in the polyglycine peptide when its separation to the Cα atom is less than a maximum distance, depending on the replica type. For example, the maximum distance between carbon atoms in a benzene ring and the Cα atom is chosen to be 3.0 Å, so that a Cβ atom can be inserted between the ring and the backbone to form a phenylalanine amino acid. The distance between the methyl-carbon atom in methylammonium group and Cα atom needs to be~6.5 Å, so that the Cβ, Cγ and Cδ atoms can be inserted to form a lysine amino acid. According to this scheme, subsets of functional groups were selected at each Cα position of the polyglycine peptide. Finally, the type of amino acid of peptide was chosen from the subset and the side chain atoms were grown to merge with the functional group (see Table I ). During the side chain growth, a carbon atom was added step by step on to a previously built group which was kept fixed. The position of this carbon atom was optimized by 1000 steps of conjugate gradient minimization. Once the side chains had been built completely, hydrogen atoms were added and a short minimization was used with weak harmonic restraints on the positions of the functional group. The entire peptide was again minimized to obtain the optimal position and orientation on the surface. All procedures linking the polyglycine peptide and the functional groups were performed using the XPLOR program (Brunger, 1992) . Two approaches were used to select the amino acid type from the subset of functional groups. The first one chooses the functional group of the lowest U bind within the subset of each position in the polyglycine peptide. This will result in an inhibitor sequence with the best binding energy. The second approach randomly selects a functional group from the subset of replicas near each position in the polyglycine peptide. After linking the polyglycine peptide with the selected functional groups using the algorithm described above, a set of 100 different peptides was generated. The final step was the insertion of a glycine residue as a linker between a peptide generated and RBH. The structures were again energy minimized. Structures with significant geometric distortion after this step (i.e. large internal energy) were ignored. Consequently, only 16 peptides were obtained with favorable conformations on the Ras surface.
Based on the distance separation, some minima can be associated with two positions along the peptide chain simultaneously. If a minimum is chosen more than once, the minimum is linked to only one Cα atom. This results in some peptides with shorter length. Sequence alignment of peptides Caflisch and Karplus (1996) selected the inhibitor peptides of HIV-1 aspartic proteinase based on an energetic criterion or scoring function. By modifying this approach, we align the sequences of inhibitor peptides of Ras created by our design approach using the program CLUSTALX (Thompson et al., 1994) . The multiple sequence alignment was used to determine the probability of an amino acid type on each position of the peptide. As the number of the designed peptides is fairly high and their length is short, the sequence alignment is expected to be insensitive to the alignment parameters used, i.e. gap penalty, etc. Optimal sequences of the Ras binding peptides can be obtained by placing amino acids with high probabilities at each position of the peptide.
Results
Overview of functionality mapping
The seven polar, charged, aromatic or aliphatic functional groups specified in the section Functional groups have been 461 mapped on to the Ras-RBH complex as summarized in Table  I . Out of 1000-2000 copies of functional groups generated, 15-20% of apolar and polar groups and nearly half of the charged groups docked to within 4.0 Å of the Ras protein.
Nearly 150 minima of each group with the lowest U bind were selected to form a combinatorial library. The distributions of these minima on the surface of the Ras-RBH complex are shown in Figures 3a-g and 2a . In general, we can see that the binding sites in Ras for the seven functional groups include the effector loop, the switch II region and a particular surface formed by two parallel β strands (residues 5-8 and 52-58, respectively, and coloured red in Figure 3 ). These two β strands bridge the effector loop and the switch II region of Ras and do not directly contact RBD in the Ras-RBD complex. However, several hydrophobic and charged side chains including residues Glu5, Val7, Asp54 and Leu56 form a surface spreading from the effector loop to switch II. This surface is referred to as 'interaction surface' in the following. As the effector loop predominantly contacts the Ras-binding helix, i.e. residues Lys84 and Arg89 of Raf which form salt bridges to Glu33 and Asp38 of Ras, the interaction surface of Ras is very likely to bind the extended component of the peptide inhibitors. The general strategy of our design is therefore to bind the RBH component to the effector loop and the extended component to the interaction surface and possibly to switch II. Distribution of energy minima on binding sites N-Methylacetamide (NMA) minima. The 100 NMA minima selected according to the Construction of peptides section cluster along the effector loop and on to the interaction surface. The binding energies range from -8.7 to -1.0 kcal/mol. Figure  2a shows the position of these docked replicas. The lowest 10 energy minima are located close to the effector loop around Glu37 to Ser39, close to the residue Leu56 in the interaction surface and in the vicinity of a hydrophobic pocket formed by the β-carbon of Tyr71 and aliphatic groups of Thr74 and Lys5. While the methyl groups of these 10 NMA replicas pack on to the hydrophobic side chains of residues Val7 and Leu56 in the interaction surface, only seven replicas form hydrogen bonds to the Ras protein. These replicas are further grouped into five clusters of minima. The largest cluster consists of three replicas bonding from their carbonyl oxygen to amide hydrogen of Ser39 and from their amide nitrogen to the Oδ of Glu37, respectively. The binding strengths of these replicas are ranked according to U bind at positions 2, 8 and 4, respectively, in the combinatorial library. In the other four clusters, the replicas form hydrogen bonds to the side chains of Gln70, Thr74, Arg41 and Lys42, with binding strengths ranked at positions of 3, 4, 9 and 6, respectively. In the left column, the Ras binding helix (RBH), effector loop and interaction surface are colored white, blue and red, respectively. In the right column, the active regions on the surface are colored depending on the number of the minima attached to the amino acids in the region. The most concentrated region is shown in red and the less concentrated in blue. The surface not contacted by functional group is shown in white. The binding sites of the MCSS minima of each functional group are also labeled. (a) Benzene; (b) propane; (c) phenol; (d) methanol; (e) acetate ion; (f) methylammonium; (g) methylguanidinium. The figure was prepared using the programs VMD (Humphrey et al., 1996) and GRASP (Nichollas et al., 1991) .
Apolar group minima. Low energy propane and benzene minima are distributed over most of the hydrophobic regions on the Ras protein. Apolar functional groups make favorable contacts with the aliphatic carbons of charged residues, i.e. arginine and lysine, in the vicinity of hydrophobic surface patches.
Only 20% of the energy minimized benzene replicas dock 462 on to the Ras surface and 150 minima with the lowest energy were selected into the library of benzene binding sites. As shown in Figure 3a , half of the minima are scattered over three clearly defined binding sites. The first site, called S 1 benz , is formed by the side chain of Ile36, the aromatic ring of Tyr64 and the aliphatic carbon of Glu63. The second site, S 2 benz , is a flat surface spreading from Ala85 of RBD, Glu37-Ser39, to Leu56. The third site, S 3 benz , is located around Tyr71-Cβ, Met67-Cβ and Gln70 in the switch II region. Each site is occupied by 17, 44 and 9 replicas, with energies ranging from -4.84 to -1.20, from -6.8 to -0.80 and from -4.70 to -1.61 kcal/mol, respectively. Compared with the benzene minima, the 150 propane minima in the library are more broadly distributed on the Ras surface, presumably owing to their relatively smaller size (Figure 3b) . The most important propane binding sites on the Ras surface include S 1 prop (Ala24-His27, Lys42), S 2 prop (Pro34-Glu37, Tyr64, Ala66, Gln70), S 3 prop (Ser39, Thr74, Lys5, Leu56) and S 4 prop (Arg41, Glu3). The delocalization of energy minima may indicate that propane is only of minor importance to our CCLD approach, since no preferential binding pattern can be associated with propane.
Polar group minima. Polar neutral groups (i.e. phenol and methanol) are scattered over regions of the Ras surface which correspond to hydrophilic and charged residues. Only 25% of the energy minimized replicas of methanol and phenol groups are within 4.0 Å of the Ras protein; 150 minima of each group with the lowest interaction energies U bind were selected and assembled into the combinatorial library. Figure 3c and d show the conformations of the methanol and phenol minima, respectively, on the Ras-RBH complex. The figures demonstrate that the distributions of minima are very similar for phenol and benzene groups, with binding sites S 1 phen -S 3 phen defined as (Ile36, Tyr64, Glu63), (Ala85, Glu37-Ser39, Leu56) and (Met67, Gln70, Tyr71), respectively. The interaction energies for phenol groups range from -10.16 to -1.62 kcal/mol. The majority of the minima form hydrophobic contacts between the benzene ring and the hydrophobic residues of Ras. The 10 most favorite sites are located close to residues Tyr40 and Leu56. Only 10 phenol replicas form hydrogen bonds with the charged and polar residues in the effector loop, interaction surface and switch II regions of Ras. They are concentrated on three distinct binding regions: first, six replicas form hydrogen bonds to the γ-carboxyl group of Glu37 and Asp38 and the backbone carbonyl and amide hydrogen of Ser39; second, two replicas form hydrogen bonds to the γ-carboxyl and backbone carbonyl groups of Glu3, respectively; and third, two replicas make contacts to Asp54 or Thr74. The binding energies of these hydrogen bonded minima range from -8.61 to -2.80 kcal/mol.
The minima of the small methanol group are scattered almost uniformly over most of the Ras surface. One replica completely penetrates into the interaction surface, forming a hydrogen bond between its hydroxyl and the amide hydrogen of Ser39 and a hydrophobic contact between its methyl group and Leu56. The methanol minimum energy binding sites are mostly formed by the hydrophobic contacts, with three binding sites S 1 meoh -S 3 meoh defined as (Glu37-Ser39), (Asp54), (Met67, Tyr71, Thr74), respectively. Only 16% of the minima form direct hydrogen bonds to Ras with interaction energies from -7.87 to -1.35 kcal/mol. These 10 minima are clustered around two binding regions: seven minima donate hydrogen bonds to the side chains of Glu37-Ser39 on the surface of the effector loop and three bonds to the carbonyl oxygen of Ser39 and the acid group of Asp54 in the interaction surface. The interaction energies range from -4.87 to -3.20 kcal/mol, typical values for hydrogen-bonded groups. The best five minima with the lowest U bind are docked into the hydrophobic pocket formed by Val7, Leu56 and Tyr71.
Charged group minima. As expected, the charged group minima are clustered around side chains of opposite charge, although they are also found near polar and neutral groups. As shown in Figure 3e -g, charged group minima have well defined binding sites compared with hydrophobic and polar group minima (shown in Figure 3a-d) . This finding can be explained by charge complementarity.
In the combinatorial library, 152 acetate ion minima are found close to four distinctive sites (S 1 acet -S 4 acet ) on the Ras surface: Thr74, (Arg41, Gln43), (Lys5, Ser39, Arg41) and (Ser39, Arg41-N). The lowest 10 minima cluster around the fourth site. Of the minima selected, only 54 donate the carboxyl group to these residues with binding energy U bind from -86.29 to -81.00 kcal/mol. The majority (~60%) of the minima have the charged group exposed to the specific water molecules used in the MCSS calculations (the water molecules are not shown in the Figure 3) . As described in the Construction of peptides section, the specific water molecules mimic the solvent mediation of the salt bridges on protein surfaces and, therefore, reorientate some acetate groups opposite to the Ras surface during the molecular dynamics simulation at 400 K.
In the combinatorial library, 146 methylammonium minima cluster around three sites (S 1 mamm -S 3 mamm ) on the Ras surface: (Asp33, Pro34), (Glu37, Tyr64) and (Tyr32, Glu63). Without specific water molecules taken into account, the interaction energy of these minima range from -99.79 to -93.40 kcal/mol. The best 10 minima with the lowest interaction energy are found close to the second site S 2 mamm . Ninety groups form hydrogen bonds to residues on the surface. While the replicas on S 1 mamm interact with Asp33, together with the salt bridge formed from Lys84 of RBD, the replicas on S 2 mamm and S 3 mamm cover the effector loop and switch II region. The position of the minimum close to S 2 mamm is determined by the electrostatic interaction between the ammonium group and Glu37, the hydrogen bond between the ammonium group and the hydroxyl group of Tyr64 and the hydrophobic contact between its methyl group and the aromatic ring of Tyr64. The minima close to S 3 mamm bridge the Tyr32 in the effector loop and Glu63 in loop 4 of switch II. Tyr32 closes the GTP pocket by binding to the γ phosphate of GTP in the Ras-RBD complex, while Glu63 is located close to the γ phosphate of GTP. The minima on S 3 mamm are thus stabilized by the electrostatic interaction from methylammonium to Glu63 and to the highly negative charged (-4) GTP substrate. More importantly, S 3 mamm is positioned near a water channel observed in the X-ray structure of the Rap-RBD complex (Nassar et al., 1996) . This channel was proposed as a gate to allow a water molecule to enter into the GTP pocket and to attack the γ phosphate in the GTP hydrolysis reaction (Nassar et al., 1995) . In fact, the 10 minima with the lowest interaction energy are located in the water channel, implying that a methylammonium minimum identified by the MCSS calculation might be able to block the GTP hydrolysis reaction.
Similar to the distribution of methylammonium minima (Figure 3f ), the methylguanidinium minima cover three binding sites in Ras (Figure 3g ). However, a small difference occurs owing to the relatively larger size and the ability of methylguanidinium to form two additional hydrogen bonds. The first site S 1 mgua is formed by residues Asp33 and Asp38 in the effector loop, the second site S 2 mgua by Tyr32, Glu62 and Glu63 and the third one S 3 mgua by Glu37, Ser39 and Tyr64. Of 150 minima in the combinatorial library, 94 donate hydrogen bonds to these amino acids. Based on the hydrogen-bonding pattern, the second binding site S 2 mgua can be divided into two sites: (Tyr32, Glu63) and (Glu62).
Connecting MCSS minima
The peptide main chain is constructed from the NMA minima (see the previous section) according to the protocol given in the Construction of peptides section. All the apolar, polar and charged minima in the combinatorial library were clustered into subsets that could be linked to a Cα atom (see Construction of peptides section). Table II lists all the minima in the subsets and their binding motifs to Ras. The first Cα position is linked to a benzene minimum interacting with Ala85 of RBD. The next three Cα positions can be linked to apolar, polar and charged minima, as the binding sites of these minima are located in the effector loop and Ala85 of RBD. Presumably, apolar minima form hydrophobic contacts to RBD-Ala85 and polar/charged minima participate in hydrogen bonds or salt bridges to Glu37/Asp38, respectively. The next five Cα positions of the polyglycine point towards the interaction surface and switch II region which are less polar and negatively charged and therefore the possibility of a positively charged minimum can be excluded. However, carboxyl group (acetate ion) minima were found near Ser39 and Arg41 at positions 6 and 7 (or 8) of the peptide, respectively. While both apolar and polar groups close to the Cα position 5 exclusively bind to Ser39, the polar minima at the Cα positions 6-8 form hydrogen bonds to Ser39 and Asp54 and the apolar minima form hydrophobic contacts to Leu56, respectively. The minima at the last position are mainly distributed around the switch II region, a wide range of residues (3-7, 37, 54-56 and 67-74) of which select benzene, phenol and methanol groups as binding partners. In order to build side chains, (CH 2 ) n linker groups were inserted into the space between the Cα atom and a selected minimum. This step transformed sequences of functional groups into a peptide (see the Construction of peptides section).
Design of peptide inhibitor
By selecting the lowest energy minima in each subset, the sequence of peptide with the lowest energy has a sequence of GRRYDRDY. In total, 100 sequences were generated by random selection of minima from each subset, as described in the Construction of peptides section. However, when side chains are grown according to the procedure described in the Construction of peptides section, 60 sequences could be excluded because of large distortions of peptide conformations and only half of the 40 remaining sequences have appropriate structures to merge with the C-termini (Arg89) of the Ras binding helix. The sequences of the selected 16 designed peptides were aligned using the CLUSTALX program (Thompson et al., 1994) . Figure 4 shows the sequence alignment. The sequence consists of two parts, the RBH (KALKVR) and the extended component, in agreement with our inhibitor design strategy. The probabilities of different amino acids at each position are evaluated from the alignment scheme and tabulated in Table III . The first linker position was selected as a glycine as described in the Sequence alignment of peptides section. The second linker residue which corresponds to the first Cα in Table II is occupied by phenylalanine. Mutation of this residue to proline does not change the structure or alignment. The third linker position is ignored due to a gap insertion, i.e. possible side chains at this position are already joined with linker-2. Positions 1-3 of the peptides are clearly defined by Phe, Arg (or Lys) and Tyr, respectively. Significant 464 sequence variations occur at the next three residues (positions 4-6), mainly due to their interaction with the interaction surface and switch II as described above. While three amino acids, Phe, Tyr and Ser, can occupy the position 4 in the peptide with probabilities of 0.31, 0.24 and 0.24, respectively, Phe and Asp appear more frequently than Tyr and Ser at position 5. Similarly, Phe, Tyr and Ser have equal probabilities at position 6. The last residue (position 7) contacts Leu56 and the switch II region and is dominated by Phe and Tyr with probabilities of 0.50 and 0.31, respectively.
Comparison with known Ras peptide inhibitors
Some variability emerges from the designed inhibitor sequences based on the amino acid probability. Besides the RBH, the highest probability sequence for the extended part of the peptide is designed as FRYFFFF, which has a similar hydrophobic pattern to the 'consensus' Ras binding sequence from p120-GAP (ARTLILVA) (Clark et al., 1996) (i.e. -RYFFFF vs -RTLILV-). While the peptide with an extended part of FRYFFFF might not be a suitable inhibitor under physiological conditions owing to its high hydrophobicity, it might, however, bind to Ras since its homologous fragement ARTLILVA in GAP (residues 927-934) was found to interact with the effector loop of Ras in the crystal structure of the complex between p120-GAP and Ras (Scheffzek et al., 1997) . The interface between GAP and Ras is formed by a hydrophobic contact between GAP-Ile931, GAP-Ala934 and Ras-Ile36, a hydrogen bond between GAP-Arg928 and Ras-Ser39 and a salt bridge between GAP-Arg928 and Ras-Glu37. The Ras-p120-GAP interaction is significantly weaker than Ras-RBD interaction, which contains an extensive network of salt bridges (Nassar et al., 1995 (Nassar et al., , 1996 . A comparison with the binding pattern of our potential inhibitor peptides and the consensus peptides will be discussed in the next section.
The alternative sequences designed are in reasonable agreement with the consensus sequences identified from the Ras effectors (Clark et al., 1996) , as illustrated in Figure 5 which should be compared with results in Table III . In the extended component of the designed peptides, the first two residues contain either Phe or Arg/Lys, and particularly the second position is dominated by Arg/Lys based on the probabilities. The second position is always occupied by Arg/Lys in the consensus peptide. Position 3 shows amino acid Tyr with the highest probability, but also allows for Thr/Ser and Phe, as observed in the effectors. The amino acid at position 6 varies amongst Phe, Ser and Asp, in reasonable agreement with the variability of Lys, Ser/Thr and Asp in the Ras effectors. However, the designed sequences include possible polar residues Tyr and Ser at position 4 and charged residue Asp at position 5, besides the hydrophobic residues preferred in the Ras effectors. At position 7, we also find a possibility of Tyr in addition to hydrophobic residue Phe. Position 8 is dominated by a gap insertion in the sequence alignment and consequently ignored in the inhibitor design.
Discussion
The computational combinatorial ligand design (CCLD) approach developed by Caflisch et al. provides a procedure for the de novo design of possible ligands for enzymes or receptors of known three-dimensional structure by a combinatorial strategy. The MCSS calculation constructs the computational combinatorial library of optimal positions and orientations of small fragment molecules on the surface of a , etc., for each functional group are defined in the text. They are followed by the residues on Ras that interact with the functional group minima. Fig. 4 . Sequence alignment of the 16 designed peptides using the program CLUSTALX (Thompson et al., 1994) . The Ras binding helix (RBH) and the extended components are indicated by boxes with gray and white background, respectively. a The probability of amino acids being obtained from the aligned sequences shown in Figure 4 . Amino acids that appear frequently in the designed peptides are highlighted in bold. b A glycine is inserted between the Ras binding helix and the extended components.
Fig. 5.
Comparison to the consensus peptides identified from the Ras effectors (Clark et al., 1996) . The Ras binding helix and extended components are highlighted. Patterns of the candidate sequences which are in agreement with the known inhibitor peptides are boxed.
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protein. The present CCLD approach is distinct from the approach published by Caflisch et al. because the inhibitor sequence is optimized using sequence alignment of candidate sequences. This feature was introduced because of the considerable flexibility of an inhibitor bound to a protein surface, as opposed to a binding pocket. Binding motifs might not be uniquely defined in such a situation. Our approach is similar to the derivation of a consensus peptide from the effectors of the target protein because the identification of a consensus peptide requires an alignment of related sequences from databases. The alignment is performed regardless of the exact details of the conformation or the binding pattern which could even be different for each of the sequences. The limitation of our approach is that we use a relatively limited number of functional group types and a rather simple approximation to evaluate the binding energy of each protein-MCSS minima complex, whereas Caflisch's method estimates the binding free energies by numerical solution of the linear Poisson-Boltzmann equation . The MCSS calculation identified three possible binding sites on Ras: the effector loop (residues 33-41), an 'interaction surface' (residues 5-8, 52-58) and the switch II region (residues 60-76). The most important residues in the effector loop for inhibitor binding are Asp33, Ile36, Glu37, Asp38, Ser39 and Arg41. Three types of functional groups are docked on this moiety: while the apolar benzene group contacts Ile36, the positively charged groups methylammonium and methylguanidinium interact with the charged residues Asp33, Glu37-Ser39 and the negatively charged acetate ion interacts with Arg41. These binding patterns are consistent with those found in the X-ray structure of the complex between Rap mutant and RBD (Nassar et al., 1996) and the model structure of the complex between Ras and RBD (Zeng et al., 1999b) . The Rap/Ras and RBD in the crystal are bound by an extensive network of electrostatic interactions which include salt bridges between Rap/Ras-Asp33 and RBD-Lys84, between Rap/Ras-Glu37 and Arg59 and Arg67 of RBD and between Rap/Ras-Asp38 and RBD-Arg89, the Rap/Ras-Ile36 forms hydrophobic contacts to Val69 of RBD. The hydrophobic interaction between benzene and Ile36 of Rap or Ras is further evidenced from the X-ray structure of the Ras-p120-GAP complex (Scheffzek et al., 1997) , in which the Ile36 of Ras and Leu910 and Ile931 of GAP form a hydrophobic contact. The 'interaction surface' identified from our MCSS calculation has not been noticed before in Ras-Raf interactions. Our MCSS calculation identified two binding modes, one from Leu56 to a benzene minimum and one from Asp54 to a polar minimum (i.e. methanol and phenol), respectively. Although the switch II region on Ras is not in contact with RBD of Raf in the Ras-RBD complex, it has been proposed to interact with the cysteine-rich domain of Raf (Drugan et al., 1996; Luo et al., 1997) . The distribution of the MCSS minima indicates that the Glu62 and Glu63 at the N-terminus (or loop 4) of the switch II region can interact with the charged functional groups (MAMM and MGUA) or possibly with the charged amino acids Arg or Lys. The residues at the C-terminus of the Ras switch II (helix 67-76) mainly seem to interact with the apolar groups (benzene and propane). These binding patterns are again consistent with the crystal structure of the complex between Ras and p120-GAP, in which the residues Glu62 and Glu63 of Ras form salt bridges to Arg789 and Arg903 of GAP, respectively. Moreover, these two salt bridges were proposed as catalytic cofactors for the hydrolysis reaction of GTP substrate: the Arg789-Glu62 for catalysis and the Arg903-Glu63 for stabilization of the orientation of GAP to Ras, respectively (Scheffzek et al., 1997) .
An algorithm for connecting the MCSS minimized positions of the functional groups was developed to build peptide inhibitor conformations from the MCSS functionality maps. A random procedure constructed a Cα trace of the peptide main chain from the NMA minima. Based on the functional group minima attached with the peptide main chain, the functional group sequences were transformed into amino acid sequences by growing the side chain and the optimal peptide inhibitor was designed from the alignment scheme of the peptide sequences. The CCLD approach combines a method for an exhaustive search for functional group minima in the binding site with a suitable method for constructing molecules from them. Our method includes sequence alignment as an important step to design the peptide sequences and therefore provides a novel approach to the theoretical design of potential peptide inhibitors on the surface of the target protein.
Our modified CCLD approach predicts a series of sequences for potential inhibitors of Ras protein. Some of them reproduced conserved and variable patterns of the charged, polar and hydrophobic amino acids of consensus peptides identified from Ras effectors, including A-Raf, B-Raf and GAP. Weighted by probability, the best sequence (FRYFFFF) of an extended part of the inhibitor peptide shows a similar hydrophobic pattern to the consensus peptide in p120-GAP (ARTLILVA). Our method identifies potential binding sites of functional groups on the effector loop and the interaction surface, which correspond to the interactions observed in the structure of the Ras-p120-GAP complex. However, the conformation of a particular designed peptide might not utilize all the possible binding sites and, therefore, might only bind to the interaction surface alone or to both the effector loop and the interaction surface. The other designed sequences such as RRYFFDF and RRYFFSF correspond closely to the consensus peptides (RRFFLDI-and RKPFITL-) in NF1-GAP and c-Raf-1, respectively. More importantly, the peptides containing these consensus sequences have been shown to block NF1-GAP stimulation of Ras-GTPase activity and Ras-mediated activation of mitogen-activated protein kinase (Clark et al., 1996) . In addition to the validation of our new approach, our calculation also provides some potential sequences for new inhibitor peptides. The important feature obtained from these designed sequences is that the first two residues require positively charged amino acids to interact with the residues Asp33, Glu37 and Asp38 in the effector loop. Positions 4, 5 and 7 demand hydrophobic residues to interact with Leu56 and the switch II region. Although some of the sequences of the inhibitor peptides designed from our calculations might not be soluble or might be unable to penetrate into the cell, the comparison with the available experimental data shows that our CCLD approach is suitable to design potential peptides that can inhibit the protein-protein interaction. The investigation of the suitability of our designed peptides to perform as inhibitors under physiological conditions is beyond the scope of this paper.
The sequences for the extended part of the inhibitor peptide were merged with the Ras binding helix identified from c-Raf-1 by inserting glycine and phenylalanine/proline. The designed inhibitor peptides preserve the RBH component on the surface of the effector loop and extend the RBH across the interaction surface to the switch II region. Considering that the RBH component might not be able to maintain its helical conformation under the physiological conditions, its structure could be stabilized by introducing non-coded amino acids [e.g. Aib (Karle et al., 1989; Karle and Balaram, 1990; Zhang and Herman, 1994) ], which have been shown to favor the helical conformation .
Conclusions
The procedure described here tries to tackle the complex problem of the design of a peptide that binds to a protein surface. The complexity arises from the high flexibility of the protein surface and the lack of a distinct binding pocket. Two strategies were introduced to remedy these difficulties. First, the Ras-binding helix of Raf (RBH) was fixed on the surface of Ras to stabilize the conformation of the Ras surface by the observed electrostatic network between RBH and Ras (i.e. Lys84-Asp33 and Arg89-Asp38 salt bridges). Second, our modified CCLD scheme focuses on the design of inhibitor sequences without crucial elucidation of the Ras-peptide complex structure. Our inhibitor design strategy is to extend the Ras binding helix to cover the important binding sites in addition to the effector loop in Ras.
The procedure described here reproduces the consensus sequences of Ras effectors and predicts sequences of new potential inhibitors of Ras. Besides the validation of the procedure, the MCSS calculations presented here also provide additional important results for inhibitor design and understanding of Ras biology. In particular, the 'interaction surface' between the effector loop and the switch II in Ras may play an important role in its interaction with the Ras effectors, despite the fact that it has not been identified as a binding motif in the crystal structures of the Rap-RBD and Ras-p120-GAP complexes. Recently, the 'interaction surface' has been shown to interact with the Ras guanine-nucleotide exchange factor Sos protein (Boriack-Sjodin et al., 1998) .
As computer power is increasing at an exponential rate, rational drug design technology is currently undergoing a revolution from being a purely graphical interface and database search engine towards an automatic design tool. The method presented here provides a simplification of Caflisch et al.' s method at the step of ranking the MCSS minima. It is also an extension of the method for the design of an inhibitor which binds to a protein surface where the binding site is less well defined compared with a catalytic ligand-binding pocket. Our method should also be useful for the economical design of combinatorial libraries to screen for more potential inhibitor peptides.
